Texture of Ti 52 Ni 38 Cu 10 rapidly solidified ribbons was investigated. Characterization of some of the properties such as transformation temperatures, deformation behavior, transformation strain, microstructure etc. was also carried out for the rapidly solidified ribbons in as-spun condition and after heat-treatment at 1073 K. The transformation temperatures of the ribbon specimens are found to be less than those of ingot specimens. As-spun ribbons were found to be slightly amorphous in nature, while after heat-treatment they became completely crystalline. Asspun and heat-treated ribbons show strong h200i fiber texture. From the thermomechanical studies it was observed that the hysteresis of the heattreated ribbon specimen decreased whereas the transformation strain and the transformation temperatures showed an increase with increase in stress.
Introduction
Ti-Ni shape memory alloys are of commercial importance due to their formability, high recovery and biocompatibility. [1] [2] [3] [4] [5] The addition of even very small concentrations of many third elements to Ti-Ni results in a large change in M s temperature. In contrast, substitution of a large concentration of Cu does not change the M s temperature significantly. Among the many elements, Cu was found to be the most effective element to improve the pseudoelasticity. Moreover, alloys with more than 20 at% Cu have a substantially narrower hysteresis and have higher yield strength than binary alloys. 6) The narrower hysteresis of Ni-Ti-Cu alloys has practical importance. Applications requiring a short response time on thermal cycling are easier to realize with such narrow hysteresis alloys.
Rapidly solidified ribbons provide fine grained structures with minimum processing steps thereby reducing the cost. Moreover, rapidly solidified ribbons have the edge over deposited thin films due to their controlled composition. The strain recoverable by shape memory effect, namely, shape memory strain, depends on crystal orientation. In practical polycrystalline materials, crystallographic textures accordingly influence the shape memory effect, resulting in planar anisotropy of shape memory strain. Higher shape memory strains at certain directions can be made possible by developing the most favorable preferred orientations through texture control. It is very important to study the texture of the rapidly solidified ribbon specimens in order to obtain maximum transformation strain in the desired direction for microactuator applications. So far very few results have been published on rapidly solidified Ti-Ni shape memory alloys [7] [8] [9] [10] [11] and no systematic study has been performed to explore the nature of texture. In this paper, we explore the nature of texture in rapidly solidified Ti 52 Ni 38 Cu 10 shape memory ribbons with the aid of pole figures and orientation distribution functions.
Experimental
A Ti 52 Ni 38 Cu 10 alloy ingot was prepared by arc melting utilizing high pure metals (99.7 mass%Ti, 99.99 mass%Ni and 99.99 mass%Cu) on a water-cooled copper hearth under argon atmosphere. The ingot was inverted and melted six times in order to increase the homogeneity. The ingot was cut into small pieces with spark-cutting machine. The oxide layers of the cut alloy pieces were mechanically cleaned with emery papers and later chemically with solution of HF:HNO 3 :H 2 O (1:4:5). The alloy was rapidly quenched in an argon atmosphere using a melt spinning machine where the mother alloy was induction melted in a quartz crucible and ejected with a pressurized argon gas out of a 0.4 mm orifice onto a copper roller (diameter of 200 mm) rotating at a surface velocity of 42 ms À1 (4000 rev min À1 ). Ribbons of $15 mm thickness and $1 mm width were produced. The chemical composition of the mother ingot and the rapidly solidified ribbons were measured using Electron Probe Micro Analysis (EPMA). The measured values are listed in Table 1 .
The transformation temperatures of the ingot and the melt spun ribbon specimens after heat-treatment at 1073 K for 3.6 ks were measured through a Differential Scanning Calorimeter (DSC) under helium atmosphere. The heating and cooling rate of the specimens during the DSC measurement was maintained at 10 K/min. The X-ray measurements of textures were carried out on a fully automatic texture goniometer using CuK radiation. Pole figures of the three crystal planes (200), (110) and (211) were determined through the texture measurement. The transformation strains at various cut angles were calculated utilizing crystallite orientation distribution function (ODF) measured by the Xray diffraction method for the ribbon in the as-spun condition and after heat-treatment at 1073 K for 3.6 ks. 2-scan was performed on ribbons at 373 K in the as-spun condition and after the heat-treatment in order to find the nature of the specimen (crystalline or amorphous). The changes in transformation strain with temperature variation during a thermal cycling were measured under different stresses with the help of a thermomechanical analyzer. Measurement of strain vs. temperature relationships were performed on ribbon specimens in as-spun condition and after heat-treatment at 1073 K for 3.6 ks. From these studies, the variation of transformation temperatures, plastic strain, degree of strain recovery etc. were measured under various stress conditions when they were subjected to thermal cycling. In the present study, the specimens were thermally cycled in the range between 150 K and 373 K with the heating and cooling rate of 10 K/min. The change in internal structure of the specimens and the development of other phases during the preparation and the heat-treatment was observed through a transmission electron microscope (TEM).
Results and Discussion

Chemical analysis
From the EPMA analysis, the composition of the ingot and ribbon specimens of Ti 52 Ni 38 Cu 10 (at%) observed are tabulated in Table 1 below:
Differential scanning calorimetry
DSC measurement was performed to detect the transformation temperatures of the ingot and ribbon specimens after heat-treatment at 1073 K for 3.6 ks. Figures 1(a) and (b) show the DSC curves of the Ti 52 Ni 38 Cu 10 ingot specimen and rapidly solidified Ti 52 Ni 38 Cu 10 melt spun specimen after heat-treatment at 1073 K for 3.6 ks. They represent typical DSC curves of stress free Ti 52 Ni 38 Cu 10 specimens in which an exothermic peak (M Ã ) corresponding to the transformation of austenite to martensite occurs on cooling and an endothermic peak (A Ã ) corresponding to the reverse transformation of martensite to austenite occurs during heating. Determined in the figure are also the onset (A s and M s ) and finish (A f and M f ) temperatures. The ribbon specimens in the as-spun condition do not show any DSC signals which may be due to the amorphous nature of the specimen as observed through XRD studies. The transformation temperatures (in K) are listed in Table 2 .
From the above table, it can be observed that the transformation temperatures of the ribbon specimen are well below those of the ingot specimen. It is recognized that the grain boundaries can act as barriers to the martensitic transformation as a result of extra energy required for complimentary shear during the process.
12) Thus a fine grained rapidly solidified ribbon with a larger portion of grain boundary area would be expected to posses a lower M s than the coarse grained ingot specimen. This view is supported by the present DSC results.
X-ray diffraction 3.3.1 2-scan
Figures 2(a) and (b) represent the intensity vs. 2 plot for as-spun and heat-treated Ti 50 Ni 38 Cu 10 ribbons. The measurement was carried out at 373 K in order to ensure that the specimens are completely austenite (B2 high temperature phase). From Fig. 2(a) it can be observed that the as-spun specimen is partially amorphous. After heat-treatment at 1073 K for 3.6 ks, the specimen became completely crystalline which was shown in Fig. 2(b) .
Texture analysis
Data of diffraction from three crystal planes (200), (110) and (211) were used to determine three corresponding pole figures. Utilizing the three pole figures, a crystallite orientation distribution function (ODF) was derived. On the basis of texture information, transformation strains were calculated along various directions between the spun direction (SD) (throughout this paper the term rolling direction (RD) is replaced by spun direction (SD)) and the transverse direction (TD) in order to estimate the anisotropy of the transformation strain. Here, anisotropy of transformation strain is defined as a difference between the maximum and the minimum of transformation strains obtained from various cut angles. (110) pole figure shows how the h110i axis density distributes in the specimen coordinate system SD-TD-ND. From the (110) pole figure of the as-spun Ti 52 Ni 38 Cu 10 ribbon, it can be seen that the h110i axis density distribution was measured in a region within $75 from ND. A strong axis density appears around 45 from ND. This suggests that some of the crystal planes with $45 apart from {011} locate on the rolling or spinning plane. The (200) pole figure measured in the specimen reveals that an extremely high axis density peak is located along the ND. The (211) pole figure shows that slightly high axis density peaks are located along circles at $35 and $65 from ND. From these pole figures it is observed that the {100}, {200}, {300} planes are located preferentially along the spun plane in both as-spun and the heat-treated ribbon specimens. Figure 4 shows a É 2 ¼ 45 section of ODF for the as-spun Ti 50 Ni 38 Cu 10 ribbon as an example. The result reveals a texture similar to a fiber texture with an axis around h001i which is consistent with Fig. 3 . However, it is different from the {110}h110i type which is observed in rolled Ti-Ni bulk plates. 13, 14) 3.4 Transformation strain Figure 5 represents the calculated transformation strain as a function of angle from the spun direction for as-spun and heat-treated ribbon specimens. Detailed explanation regarding the calculation of transformation strain is explained elsewhere.
14) The overall transformation strain of the as-spun specimen is found to be higher than that of the heat-treated specimen. For the as-spun ribbon specimen, the transformation strain increases mainly from 10 to 70 after which it becomes almost stable and attains a maximum at 90
. In the case of the ribbon specimen heat-treated at 1073 K for 3.6 ks, the transformation strain increases mainly from 30 to 90
and attains a maximum at 90 . The transformation strain anisotropy of the as-spun and heat-treated specimens are 5.28% and 3.54%, respectively.
TEM analysis
The bright field image of the as-spun ribbon is shown in Fig. 6 which represents the crystallized area showing the individuality of grains. It is seen from the figure that the grain size is very small ($20-100 nm). Figure 7 shows a portion of the as-spun ribbon. The corresponding diffraction patterns measured from the regions A and B represented in Figs. 8(a) and (b). From Fig. 8(a) it is evident that region A of Fig. 7 represents the crystallized area. The diffraction pattern of the region B shown in Fig. 8(b) represents a halo-ring corresponding to amorphous. Thus, both amorphous and crystallized areas exist together in as-spun ribbons. The bright field image of a ribbon heat-treated at 1073 K for 3.6 ks is shown in Fig. 9 which represents crystallized grains. It can be seen that the grain size grow up to 80 $ 100 nm after heattreatment. It is also noted that amorphous area can not be observed after heat-treatment.
Thermo mechanical analysis
Thermomechanical studies were carried out to clarify the stability of shape memory characteristics associated with both the martensitic transformation and the reverse transformation upon repeated cooling and heating, respectively, under various constant stresses. The applied stress was changed variously in order to investigate the effect of stress on the cyclic shape memory behavior. During the tests, the specimens were fully transformed and reverse transformed by varying the temperatures between below the transformation finish temperature (M f ) and above the reverse transformation finish temperature (A f ).
The method how to evaluate quantitatively the shape memory characteristics is explained in the following. Figure 10 shows the strain vs. temperature curves representing shape memory behavior associated with the reverse transformation (from B19 to B2 phase) during heating and the martensitic transformation (B2 to B19 phase) respectively. M s , M f , A s and A f are abbreviations of the temperatures for martensitic transformation start, martensitic transformation finish, reverse transformation start and reverse transformation finish, respectively. From these studies, it is found that transformation temperatures, plastic strain, degree of recov- The hysteresis decreases with increase in stress as shown in Fig. 12 . The plastic strain was observed to be very small. I max =19.00 Therefore, the forward transformation strain is almost the same as the reverse transformation strain. Figure 13 represents change in forward transformation strain as a function of stress. The transformation strain increases linearly with increase in stress.
Conclusions
Ti 52 Ni 38 Cu 10 ribbons were successfully prepared by rapid solidification process. They show excellent shape memory effect after heat-treatment. The following conclusions were made from the results obtained in the present study:
(1) The transformation temperatures of the ingot specimens were found to be higher than those of the melt spun ribbon specimen after heat-treatment at 1073 K for 3.6 ks. (2) X-ray diffraction measurement revealed that the as- Texture Analysis and Properties of Rapidly Solidified Ti 52 Ni 38 Cu 10 Shape Memory Alloy 213
